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CA LORIMETRIC STUDIES O F  DRAWN 
POLYETHYLENE TEREPHTHALATE 
J .  L. Koenig and M . D .  Mele 
I niT.risic?n c?f pnlymer scipI?ce 
Case  Western  R e s e r v e  Universi ty  
Cleveland, Ohio 441 06 
Introduction 
A new approach t o  the study of d rawn p o l y m e r s  i s  ca lor imet ry ' ' ) .  T h e  
proposed p r o c e d u r e  f o r  studying a polymer by c a l o r i m e t r y  is to  m e a s u r e  the  
h e a t s  of fusion and h e a t s  of c rys ta l l iza t ion  of s a m p l e s  drawn different  a m o u n t s  
and at different  t e m p e r a t u r e s .  The dependence o f  these  heats  upon d r a w ,  along 
with o ther  d a t a ,  should provide some insight into the changes that occur  dur ing  
drawing .  
T h e  purpose of th i s  r e p o r t  w i l l  be  tode termine  the effects of d r a w  ra t io  
T h e s e  values  will  and d r a w  t e m p e r a t u r e  upon the heats of t r a n s i t i o n  of P E T .  
be m e a s u r e d  with the dynamic m i c r o - c a l o r i m e t e r .  
evaluated through dens i ty  m e a s u r e m e n t s  and or ientat ion by x - r a y  diffract ion 
p a t t e r n s  . 
Crystal l ini ty  will  be 
T h e  r e s u l t s  of t h e s e  m e a s u r e m e n t s  will  be used in an at tempt  t o  deduce 
_. 
the  m e c h a n i s m  by whlch PET crys ta i i izes  and or ien ts  upon drawing.  I h e s e  
r e s u l t s  will  a l s o  be c o r r e l a t e d  with the previous r e s u l t s  obtained by i n f r a r e d  ( 2 )  
( 3 )  and morphologica l  s tud ies  . 
2 
T h e r m a l  P a r a m e t e r s  for  Undrawn P E T  
A s  a cont ro l  f o r  the d rawn  s a m p l e s ,  a sample  d the  g l a s sy  P E T  was  
cut t o  a weight sufficient t o  give opt imum r e s u l t s  in the  c a l o r i m e t e r .  A 
second o r d e r  t r ans i t i on ,  an exo the rm and an endothermic  peak appeared  
between the s t a r t i ng  t e m p e r a t u r e  (18OC) and final t e m p e r a t u r e s  (280 C) .  T h e  
base l ine  was  ve ry  smooth  and had a cons is ten t  posit ive s lope .  
0 
0 
T h e  exo the rm identified as a cold c rys ta l l iza t ion  peak ,  began at 108 C. 
T h e  d i f fe rence  in t e m p e r a t u r e  s teadi ly  inc reased  and reached  its m a x i m u m  
value at 1 2 9  C. The  base l ine  a f te r  t he  peak was  of s l ight ly  l e s s  slope than 
b e f o r e ,  but remained  posi t ive.  The b e s t  base l ine  appeared  t o  be a s t r a igh t  
l ine d r a w n  between t e m p e r a t u r e s  of 108 C and 147 C.  The slope of th i s  
ex t rapola ted  base l ine  was  the s a m e  a s  before  the peak.  
w a s  1 .  27 t 0 .  02 in . 
m i n  at 122OC, the hea t  of c rys ta l l iza t ion  is found to  be 1 .  05 - t 0 .  04 k c a l / m o l e  of 
re pe at unit. 
0 
0 0 
The  area of th i s  peak  
2 0 
Consider ing the  ca l ibra t ion  cons tan t  of 70. 1 - t 1.  2 mcal/ C-  - 
0 0 
T h e  endo the rm began at 227 C and reached  its m i n i m u m  value at 259 C. 
T h e r e  was  no evidence of any  shoulder  on the peak. 
be tween 227 and 275 C with i t s  slope equal  t o  the. base l ine  before  the peak. 
B e c a u s e  of t he  t e m p e r a t u r e  r ange  this peak m a y  be ass igned  t o  the  mel t ing  of 
c r y s t a l l i n e  reg ions  of the sample (4 ) .  The  t e m p e r a t u r e  of the min imum of the  
peak  i s  26OoC - t 1 .  5OC. 
be m e a s u r e d ,  a heat  of fusion w a s  calculated.  With a ca l ibra t ion  constant  of 
A base l ine  could be d rawn  
0 0 
Since the  weight i s  known and the  a r e a  of t he  peak can  
3 
0 0 7 7 .  96 + 1 .  33 m c a l /  C -min  a t  232 C t h e  hea t  of fusion i s  found to  be 1 .  55 - +
0 .  04 k c a l / m o l e  of r epea t  unit .  It should be noted tha t  t h i s  value of the  hea t  
fusion is fo r  a n  annealed sample  s ince the polymer  c rys t a l l i zed  (below 150 C) 
and f r o m  tha t  t e m p e r a t u r e  unt i l  t h e  mel t ing  point at 227  C, it was  anneal ing.  
- 
0 
0 
T h i s  was  indicated previous ly  through the  dens i ty  m e a s u r e m e n t s .  
ws of the  Ins t ro  
T h e r m a l  P a r a m e t e r s  f o r  Drawn P E T  
S t r i p s  of amorphous  P E T  were  clamped in the j T T - C  
and d r a w n  at 0 .  1 inches /minu te .  
60 C or 85 C .  The  polymer  sample  was  s tamped with pa ra l l e l  l ines  and after 
d rawing  the  spacings w e r e  m e a s u r e d  t o  give a p e r  cent  d r a w .  
f r o m  75y0 t o  300 - + 10%. 
but s l igh t ly  drawn reg ion .  
the  w e l l  fo rmed  necking region in samples  drawn a t  b o t h  t e m p e r a t u r e s .  
The t e m p e r a t u r e s  of d r a w  was  adjusted t o  
0 0 
The  d r a w  ranged 
The  portion of the sample  d rawn  75% was  in a n  unnecked 
Por t ions  of s ample ,  d rawn  m o r e  than  7570 were  f r o m  
A feature of this t h e r m o g r a m  of s a m p l e s  f r o m  >160% at 60 and 85OC is 
0 
the  l a c k  of a cold c rys t a l l i za t ion  exotherm from ambient  t o  150 C.  
t r a c e  of such  a peak n e a r  120 C where cold c rys ta l l iza t ion  o c c u r r e d  in the  
undrawn s a m p l e .  
T h e r e  i s  no  
0 
T h i s  was  the case  f o r  all s a m p l e s  drawn ove r  approximate ly  
15070. 
T h e r e  is a definite endotherm s i m i l a r  t o  the endo the rm in the  undrawn 
0 
s a m p l e .  
259OC. 
It begins  a t  approximately 228 C and r e a c h e s  a m i n i m u m  value a t  
The  peak r e t u r n s  t o  a constant  base l ine  a t  2732C. T h e r e  i s ,  however ,  
- 5  
4 
0 
a shoulder  on the low t e m p e r a t u r e  side of the peak (257 C )  that  w a s  not 
observed  in the undrawn s a m p l e .  
0 T h e  t h e r m o g r a m  of the samples  drawn l e s s  than i60Y0 at 60 and 85OC 
0 showed a cold crystal l izat ion e x o t h e r m  at approximately 160 C and a m a x i m u m  
value at 129 C .  
similar t o  the undrawn s a m p l e .  
a t  259OC. 
0 
T h e  melt ing endotherm began at 226OC and had a peak at 26OoC, 
However ,  t h e r e  is a slight trace of a shoulder  
T h e  h e a t s  of fusion of various s a m p l e s  of PET,  as a function of the amount  
of d r a w ,  a r e  fitted to  a s t ra ight  line with none of the points deviating m o r e  than 
2570. 
formula :  
A s s u m i n g  a l inear  relationship,  the d a t a  a re  e x p r e s s e d  by the following 
AH ( k c a l / m o l e )  = 1 .  53 t 1 .  1 0  x 10-3D (6OoC and 85OC) f 
w h e r e  D is the p e r  cent  draw.  
T h e  t e m p e r a t u r e  of the minimums on the mel t ing  and endotherm w e r e  
0 0 
e x p e r i m e n t a l l y  the same with a value of 259 - + 1 .  5 C.  
T h e  c rys ta l l in i ty  of e a c h  sample  was  calculated f r o m  the densi ty .  
c r y s t a l l i n i t y  does  not i n c r e a s e  abo've the value of an  undrawn s a m p l e  until the  
p o l y m e r  h a s  been drawn m o r e  than 160%. 
at 60 C and 85 C does not o c c u r  until the sample  has  been  drawn m o r e  than 
160% o r  until  a neck h a s  formed.  
T h e  
T h u s  s t ra in- induced crys ta l l iza t ion  
0 0 
n 
T h e  s a m p l e s  w e r e  annealed in the c a l o r i m e t e r  t o  225OC at 10 C;/min 
Crystal l ini ty  i n c r e a s e d  upon and the  resu l t ing  crystal l ini t ie  s determined  
5 
annealing t o  500/0; crys ta l l ine  content is a l inear ly  increas ing  function of 
d r a w  although the  s lope is very  s m a l l  (1. 55 x 10  - 2  %X 
YOD 
- ). 
Some of the drawn s a m p l e s  were  examined by x - r a y  diffract ion t o  
d e t e r m i n e  the c rys ta l l in i ty  and the  na ture  of the or ientat ion.  
drawn l e s s  than 160% w e r e  found to be unoriented and amorphous  t o  x - r a y  
T h e  s a m p l e s  
diffract ion.  Af te r  annealing, t h e s e  s a m p l e s  w e r e  c rys ta l l ine  but w e r e  still 
unoriented.  However ,  s a m p l e s  drawn above 160% w e r e  s e m i c r y s t a l l i n e  and 
or ien ted .  Upon annealing, the  c rys ta l l in i ty  increased  and t h e  or ientat ion was  
per fec ted .  
d e t e r m i n e d  b y  dens i ty  m e a s u r e m e n t s .  
T h e s e  r e s u l t s  a g r e e  with the  re la t ive  c rys ta l l in i t ies  of the s a m p l e s  
To th is  point, s a m p l e s  have been studied that  w e r e  drawn below o r  v e r y  
n e a r  the g l a s s  t r a n s i t i o n  t e m p e r a t u r e .  
s a m p l e s  d r a w n  well  above the g lass  t r a n s i t i o n  t e m p e r a t u r e s  where  chain mobil i ty  
is g r e a t l y  i n c r e a s e d .  
t h e  s a m p l e  t e m p e r a t u r e  at 105 .C and 114 C.  Although the sample  nar rowed 
somewhat  between the jaws of the Ins t ron ,  t h e r e  was no wel l  defined necking 
reg ion  as in previous exper iments .  
A t  a d r a w  t e m p e r a t u r e  of 105 C and 114 C ,  all  s a m p l e s  produced s i m i l a r  
t h e r m o g r a m s .  
(and t o  s a m p l e s  drawn less than 160% at 60 
e x o t h e r m  starts at 108 C ,  reaches  a m a x i m u m  at 127 C and r e t u r n s  t o  the 
h a s c l i n e  zt 145  C .  The hAqeline. a f t e r  the peak, h a s  a less posit ive slope 
than before  t h e  peak as in previous c a s e s .  
T h e  following s e t  of d a t a  concern  
T h e  s a m p l e s  w e r e  drawn at 2 and 5 inches /minute  with 
0 0 
T h e  p e r  cent  d r a w  ranged f r o m  7 8  t o  36070. 
0 0 
T h e  t h e r m o g r a m  is v e r y  similar t o  that  f o r  a n  undrawn polymer 
0 
and 85OC). T h e  cold c rys ta l l iza t ion  
0 0 
0 
The extrapolated base l ine  is drawn 
6 
between 107O and 145OC. A hea t  of c rys ta l l iza t ion  of 1 . 1 6  k c a l / m o l e  is found. 
The  base l ine ,  after the exo the rm,  is l i n e a r  and with a slight posit ive s lope 
until  224 C where  mel t ing  begins .  The  m i n i m u m  value i s  reached  at 260 C .  
The  base l ine  before  and after the fusion endo the rm a r e  of ident ical  s lope  and ,  
0 0 
t h e r e f o r e ,  i t  i s  e a s y  t o  ex t rapola te  a s t r a igh t  base l ine  a c r o s s  the peak. It i s  
not n e c e s s a r y ,  in t h i s  c a s e  to u s e  two f ixed points in  o r d e r  t o  e s t ab i i sh  the 
d e s i r e d  base l ine .  105OC 
and 114 C w e r e  fi t ted with a smooth cu rved  l ine instead of a s t r a igh t  l i nes .  
T h e  hea t s  of fusion as  a function of d r a w  r a t i o  at 
0 
It  
i s ,  however, possible  to  approximate the curve by two s t r a igh t  l i nes .  T h e  
f o r m u l a  f o r  t h e s e  l ines  a r e :  
D<25070 AH (kca l /mole )  = 1 .  55 t 2 .  00 x 10-4D (105OC and 114OC) 
D>25070 m f ( k c a l / m o l e )  = 1 . 2 2  t 1 .  53 x 10-4D (105OC and 114OC) 
f m,. 
T h e  s lope  f o r  D g r e a t e r  than 250% is c lose  to  that  of s amples  drawn at lower  
0 
t e m p e r a t u r e s .  The  a v e r a g e  peak t e m p e r a t u r e  was  260 - 4 1 .  5OC. T h e  hea t  of 
c rys t a l l i za t ion  as a function of the amount  of d r a w  are fi t ted by a n  a s s u m e d  
straigh"tE%*%?"rth no poWt dev5atirrg m o r e  than 4%. T h e  s lope is posit ive by 
small (2. 8 x 10 -4 kca l /mole  
?'OD ) * 
. ._ 
Unannealed d rawn  s a m p l e s  did not i n c r e a s e  in c rys ta l l in i ty  as m e a s u r e d  
by dens i ty ;  i n  o the r  words  all samples  had approximate ly  370 c rys t a l l i ne  content .  
Upon annea l ing ,  all s a m p l e s  increased  in c rys ta l l in i ty  t o  the s a m e  leve l  - -  4070. 
Flat plate  x - r a y  pa t te rns  confirmed the r e s u l t s  of dens i ty  m e a s u r e m e n t s .  
A l l  s a m p l e s ,  no matter how much they w e r e  drawn at i05OC, appedrcd 
comple t e ly  amorphous .  Annealed s a m p l e s  w e r e  c rys t a l l i ne  but t h e r e  was  no 
7 
or ientat ion (diffraction pa t te rns  appeared as  r ings  and not spots ) .  
0 
The hea ts  of c rys ta l l iza t ion  f o r  s a m p l e s  d r a w n  at 114 C as  a function of 
d r a w  a r e  unusual in that  the slope of the line is negat ive.  
g r e a t e r  s c a t t e r  deviating as m u c h  as  570. 
T h e  points show 
Densi t ies  w e r e  mea q ~ i r e d  a x d  crysta!!ir,ities calculatzd.  F o r  iinailiiealed 
s a m p l e s  t h e r e  is a s l ight ,  l i n e a r  increase  in c rys ta l l in i ty  with d r a w  in c o n t r a s t  
t o  r e s u l t s  at 105 C.  
with d r a w  with no point deviating m o r e  than 270. 
0 
Crystal l ini ty  of annealed s a m p l e s  a l s o  increased  l inear ly  
F l a t - p l a t e  pa t te rns  confirmed the c rys ta l l in i ty  d a t a .  Unannealed, drawn 
samples showed a very  slight amount of c rys ta l l in i ty  and or ientat ion upon 
anneal ing.  
w a s  s l igh t .  
Crys ta l l ine  content increased  grea t ly  upon annealing but or ientat ion 
An impor tan t  fac t  m u s t  be kept in mind when c o n j i d e r i n g  s a m p l e s  drawn 
0 0 
at low t e m p e r a t u r e s  (60 and 85 C ) .  T h i s  fac t  is the low mobil i ty  f o r  whole 
m o l e c u l e s  and f o r  a g g r e g a t e s  of molecules  such a s  the bal l - l ike s t r u c t u r e s .  
When a sample  is  drawn at a low t e m p e r a t u r e ,  the s t r a i n  m a y  not be rel ieved 
by slipping of molecules  p a s t  one another ;  the p r i m a r y  m e a n s  t o  re l ieve  the s t r a i n  
will  b e  uncoiling of s e g m e n t s  of molecules  in the amorphous  o r  t i e -molecule  
r e g i o n s  of the s a m p l e .  
of the s t r a i n .  
t o  approximate ly  16070 d r a w .  
l ike a r e a s  m u s t  change in o r d e r  to  re l ieve s t r a i n .  
T h i s  r e a r r a n g e m e n t  can  only re l ieve  the m a j o r  portion 
P r e v i o u s  r e s u l t s  indicate this  m e c h a n i s m  of elongation o c c u r s  up 
After th i s  d r a w  r a t i o  h a s  been reached ,  the ba l l -  
T h e r e f o r e ,  above 160Y0 d r a w ,  
8 
the s t r a i n  will  be "experienced" by the balls t h e m s e l v e s ;  t o  re l ieve  the  
s t r a i n ,  the  molecules  in these regions wil l  uncoil  and if  in p r o p e r  r e g i s t r y  
will  c r y s t a l l i z e .  
No  c rys ta l l iza t ion  will  o c c u r  below 160% d r a w  because  t h e r e  is uncoiling 
and elongstion in t i e  molecule  regions.  Above 160% d r a w ,  the chains  in the 
bal l - l ike reg ions  uncoil t o  re l ieve  the s t r a i n .  T h e  m o r e  s t r a i n  imposed on 
the molecules  the m o r e  uncoiling and subsequent  c r y ~ t a l l i z a t i o n ( ~ ) .  T h e  
re la t ionship  between s t r a i n  and crystal l ini ty  is  n e a r l y  linear. 
Since t h e r e  is n o  m e a s u r a b l e  difference between s t r a i n  induced c r y s t a l s  
and h e a t  induced c r y s t a l s ,  al l  samples  a re  n e a r l y  identical  at the melt ing point 
whether  they have been init ially drawn enough t o  s t r a i n  c r y s t a l l i z e  o r  not.  
l i n e a r  i n c r e a s e  in the h e a t  of fusion with d r a w  is a r e s u l t  of g r e a t e r  t r a n s  
T h e  
content in the c r y s t a l l i n e  regions.  A s  molecules  w e r e  put under  s t r a i n  the 
gauche i s o m e r s  a r e  converted t o  t r a n s  i s o m e r ,  and the m o r e  t r a n s  i s o m e r  the 
e a s i e r  it is for the s a m p l e  t o  c rys ta l l ize .  
0 
T h e  r e s u l t s  re la t ing  t o  samples  drawn at 105 and 114OC can  b e  
i n t e r p r e t e d  in a similar m a n n e r .  
h igher  t e m p e r a t u r e s  give g r e a t e r  mobil i ty  t o  the molecular  chains .  T h e  strain 
imposed  on the s a m p l e  d r a w n  a t  higher  t e m p e r a t u r e s  is re l ieved by r e a r r a n g e -  
m e n t  of the amorphous  molecules .  
t e m p e r a t u r e s  except  t h a t  the molecules  in th i s  c a s e  move  m o r e  e a s i l y  p a s t  
one another  and t h e r e f o r e  m a y  not uncoil  as  much.  However ,  the m o r e  the 
The m o s t  impor tan t  difference i s  that  the  
T h i s  is similar t o  drawing at lower 
9 i 
sample  is d r a w n  the  m o r e  tie molecules  tha t  wil l  b e  drawn t a u t ;  and t h e s e  
tie molecules  wil l  t r a n s f e r  the s t r a i n  t o  the  ba l l - l ike  regions in which they 
a r e  incorpora ted .  
In  the bal l - l ike reg ions  the chains a r e  a l s o  m o r e  mobile and, instead 
of re l ieving s t r a i n  by conversion f r o m  gauche t o  t r a n s  i s o m e r s ,  the s t r a i n  is 
par t ia l ly  re l ieved by movement  of molecules  p a s t  one another  in the d r a w  
d i rec t ion .  
drawn at 105 C than at 85 C h a s  been ver i f ied by i n f r a r e d  studies"). T h u s  
t h e r e  m a y  be a n  i n c r e a s e  in alignment of the chains  upon drawing but ,  s ince  
t h e r e  i s  little uncoiling (gauche i s o m e r s  convert ing t o  t r a n s  amorphous  
i s o m e r s ) ,  t h e r e  is little crystal l izat ion.  Molecules  tha t  a r e  incorpora ted  in 
m o r e  than one bal l - l ike s t r u c t u r e  may uncoil  but t h e r e  a r e  not enough of t h e s e  
t o  produce a notable change in crystal l ini ty .  
dens i t ies  do not depend on the amount of d r a w  at higher  t e m p e r a t u r e s .  
T h e  fact that  less conversion t o  t r a n s  i s o m e r s  is found in s a m p l e s  
0 0 
T h u s  annealed and unannealed 
C onclus  ions 
T h e  r e s u l t s  that  have been  d iscussed  a r e  cons is ten t  with the following 
c onclus ions : 
0 0 1 .  A s  a s a m p l e  is d r a w n  a t  lower  t e m p e r a t u r e s  (60 and 85 C)  
the s t r a i n  imposed on it is re l ieved by uncoiling and s o m e  
al ignment  of m o l e c u l e s ;  at t e m p e r a t u r e s  over  ~ O O O C  s t r a i n  
is re l ieved by the molecules  sl iding p a s t  one another  in the 
d r a w  d i r e c t i o n .  
2 .  S t r a i n  induced crystal l izat ion will  only o c c u r  in a P E T  sample  
when it is drawn m o r e  than 160T0 at t e m p e r a t u r e s  n e a r  t h e  g l a s s  
t rans i t ion .  
10 
3 .  Heat-  induced c r y s t a l s  and s t ra in- induced  c r y s t a l s  have 
s i m i l a r  h e a t s  of fusion. 
4. When a sample  i s  d rawn  and annealed under  s t r a i n ,  the  
molecu le s  fu r the r  uncoil  by an  amount  propor t iona l  t o  the 
stress in o r d e r  t o  r e l i e v e  the s t r a i n .  
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P a r t  I1 
MORPHOLOGICAL RESEARCH 
P. H. Gei l  
Division of P o l y m e r  Science 
C a s  e W e s t e r n  Re s e r v e  Universi ty  
Cleveland, Ohio 44106 
Morphological  r e s e a r c h  d u r i n g  the subject  per iod h a s  been  proceeding 
in two areas: 
1 .  Attempts  to  b e t t e r  visualize the modular  s t r u c t u r e  of P E T P  
and t o  d e t e r m i n e  the original and reproduce  var ia t ions in the 
module s ize  in o r d e r  t o  de te rmine  t h e i r  effect  on mechanical  
p r o p e r t i e s .  
2.  Extension of the morphological  r e s e a r c h  on P E T P  to  polycarbonate.  
I n  this r e p o r t  we will  d e s c r i b e  br ie f ly  s o m e  of the in te res t ing  r e s u l t s  
obtained b y  A .  Siegman in h i s  work with Polycarbonate  ( P C ) .  The  work of 
J .  Klement  of P E T P  is progress ing  sa t i s fac tor i ly ,  but is at such a s tage t h a t  
little new and definite can b e  added t o  tha t  previously repor ted .  P C  w a s  chosen 
as  a second polymer  f o r  t h e s e  s tudies  because  i t ,  a l s o ,  is ducti le below its 
T g  (ca. 145 C)  and c a n  be quenched t o  the g l a s s  and crys ta l l ized  subsequent ly  
by t h e r m a l  t r e a t m e n t s .  
anneal ing t r e a t m e n t s  below T g  (80-1 10 C )  and by orientation. P r e v i o u s  
w o r k  ( C a r r ,  Gei l ,  B a e r ,  J .  Macromol.  Sci .  ( P h y s . )  in p r e s s )  h a s  shown 
that it h a s  a m o d u l a r  s t r u c t u r e  in the g lassy  s t a t e ,  whose s i z e ,  in c o n t r a s t  
t o  o u r  pas t  scouting w o r k  on P E T P ,  
0 
Its physical p r o p e r t i e s  are  s t rongly affected by 
0 
is  affected by t h e r m a l  t r e a t m e n t s .  
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Annealing of solvent c a s e  (methylene ch lor ide)  amorphous  thin f i lms  
at T g  r e s u l t s  in significant c rys ta l l iza t ion ,  c rys ta l l iza t ion  which proceeds  
in  a way unique in polymer crystal l izat ion t o  da te .  
aggregat ion t o  f o r m  patches of the modules ,  similar t o  those  observed  in 
P E T P ,  ac tua l ,  well  f o r m e d  l a m e l l a r ,  s imple  c r y s t a l s  of P C  develop up to  
severa l  r r i i c r o r l s  i r i  s ize w i t h  the iarrieiiar or iented p a r a i i e i  t o  the s u b s t r a t e .  
Following th is  individual arms of lamellar grow out f r o m  the c e n t e r  of the 
c r y s t a l  with the l a m e l l a r  or iented n o r m a l  to  the s u b s t r a t e .  A spheru l i t i c  
s t r u c t u r e  develops which gradual ly  fills in and b e c o m e s  f i n e r  in t e x t u r e .  
T h e r e  is a suggestion that  the polymer in the s imple c r y s t a l s  r e c r y s t a l l i z e s  
(at Tg)  dur ing  formation of the spheru l i tes  at higher  t e m p e r a t u r e s  (160 C )  a 
somewhat  similar crys ta l l iza t ion  p r o c e s s  is followed, except  that  the s t r u c t u r e s  
f o r m e d  are m o r e  i r r e g u l a r  than those formed at 145 . 
s p h e r u l i t e s  w e r e  a l s o  found t o  f o r m  dur ing  annealing at 11 0 C,  35 below 
T g .  T h e  latter r e s u l t s  a re  being examined f u r t h e r ,  the  m o r e  usua l  resu l t  
being only 
Following a n  init ial  
0 
0 
In  one sample  l a r g e  
0 0 
changes in module s i z e .  
A l l  of the above r e s u l t s  indicate a n  e x t r e m e l y  high d e g r e e  of m o l e c u l a r  
mobi l i ty  in the P C  s a m p l e s .  One obvious possibil i ty leading t o  such  mobili ty 
would be retent ion of solvent  in the films, the solvent  act ing as a p l a s t i c i z e r .  
G a s  chromatography indicates  that 3’30 methylene ch lor ide  (chosen because  i t s  
boil ing point is n e a r  r o o m  t e m p e r a t u r e )  is re ta ined in  a < l o 0 0  A thick film 
a f t e r  air  drying f o r  1 2  h o u r s  and 1% a f t e r  drying at 110 C f o r  1 hour .  Films 
used  f o r  the s tud ies  mentioned above w e r e  d r i e d  t o  a g r e a t e r  extent than t h i s ,  
but probably still re ta ined  s o m e  solvent. 
0 
Although t h i s  amount  of re ta ined 
solvent  would be expected to  reduce  T g ,  the  r e s u l t s  obtained a r e  s t i l l  beyond 
tha t  expected.  P r e s e n t  r e s e a r c h  is  d i r ec t ed  toward (a) m e a s u r i n g  amount  of 
re ta ined  solvent  a f t e r  vacuum drying,  (b) using m e l t  quenched f i l m s  which 
should be solvent  f r e e ,  
80-145O range ,  pa r t i cu la r ly  in the  80-110 C range where  subs tan t ia l  changes 
(c) examining the  effect  of anneal ing d r y  f i lms  in the 
0 
in phys ica l  p r o p e r t i e s  a r e  known i o  occur. 
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Part I11 
CRYOGENIC RELAXATION BEHAVIOR 
Eric B a e r  and C.  D. A r m e n i a d e s  
Division of P o l y m e r  Science 
Case T e s t e r n  E e s e r v e  Univers i ty  
Cleveland, Ohio 441 06 
T h e  aim of th i s  p a r t  of the r e s e a r c h  effor t  was t o  s tudy the effect  of 
m o l e c u l a r  organizat ion in poly(ethy1ene te rephtha la te )  (PET) on its mechanica l  
p r o p e r t i e s  at cryogenic  t e m p e r a t u r e s ,  using dynamic mechanica l  methods  as  
the p r i m a r y  research tool.  Accordingly a t o r s i o n a l  pendulum, capable of 
m e a s u r i n g  low leve ls  of in te rna l  f r ic t ion at t e m p e r a t u r e s  down t o  4 K w a s  
designed and constructed in 1966.  
behavior  of quenched, annealed, drawn and hea t  s e t  films of poly(ethy1ene 
t e r e p h t h a l a t e )  w e r e  repor ted  by Kur iyama and B a e r  , and by A r m e n i a d e s  
e t  a1(2). 
significantly affected by orientation and crystal l ini ty .  
0 
P r e l i m i n a r y  data  on the cryogenic  re laxat ion 
(1)  
T h e s e  d a t a  showed the occurrence  of re laxat ion m a x i m a ,  which w e r e  
A l a r g e  p a r t  of the r e s e a r c h  effor t  dur ing  1967 was devoted towards  
opt imizing the operat ion of the tors iona l  pendulum and improving t h e  a c c u r a c y  
of its m e a s u r e m e n t s .  
s e v e r a l  e r r o r s .  
in t h e  t o r s i o n a l  pendulum with condensing a i r  during low t e m p e r a t u r e  operat ion 
and t o  the use  of s p e c i m e n  geometr ies  unsuitable f o r  m e a s u r e m e n t  of low shear 
T h e  p r e l i m i n a r y  d a t a  repor ted  in (1)  and ( 2 )  contained 
hel ium a t m o s p h e r e  T h e s e  w e r e  due t o  contamination of the 
f o r c e s .  
modifying the pendulum des ign ,  and changing the spec imen  geomet ry  and 
expe r imen ta l  p rocedure .  
the c u r r e n t  instrumentat ion and expe r imen ta l  technique h a s  been verified by 
reproducing  Sinnot t ' s  data  on atact ic  polystyrene 
Qur results are s h c x ~ n  ir, F igu re  1 and a r e  ir, c c x p i e t e  ag reemen t  with 
Sinnott .  
f r ic t ion m e a s u r e m e n t s  on a Nb-Mo alloy which was a l s o  tes ted  with a 
r e sonan t  b a r  appa ra tus  a t  higher  f requencies .  
a r e  in comple te  a g r e e m e n t  with the r e sonan t  b a r  m e a s u r e m e n t s  ( see  F igu re  3 )  
and f u r t h e r m o r e  demons t r a t e  the ability of the c ryogenic  to r s iona l  pendulum 
to  de tec t  l eve ls  of damping a s  low as  10 T h e s e  r e su l t s  of the polystyrene 
and Nh-Mo al loy e x p e r i m e n t s  enable us  now t o  t r e a t  c u r r e n t  pendulum da ta  
with cons ide rab le  confidence pf their  re l iabi l i ty .  
T h e s e  and s e v e r a l  other  sources  of e r r o r  have been  el iminated by 
The  accu racy  of the  m e a s u r e m e n t s  obtained with 
( 3 )  using thin film s p e c i m e n s .  
In other  expe r imen t s  the tors iona l  pendulum was used fo r  in te rna l  
The  da ta ,  plotted on F igu re  2 ,  
-4 . 
Recent  in te rna l  f r ic t ion  m e a s u r e m e n t s  on quenched,  annealed drawn 
and hea t  s e t  poly(ethy1ene terephthalate)  films a r e  shown in F i g u r e s  4, 5 ,  and 
6 .  A s  previous ly  noted the p maximum in logar i thmic  d e c r e m e n t ,  d e c r e a s e s  
with inc reas ing  c rys ta l l in i ty  and spl i ts  into two peaks  in the or iented and hea t  
s e t  s p e c i m e n s .  However ,  significant changes  in re laxat ion behavior  due to  
m o l e c u l a r  organizat ion a l s o  occur  below 80 K. F i g u r e  7 shows a l inea r  plot 
of the logar i thmic  d e c r e m e n t  of various PET spec imens  in this  t e m p e r a t u r e  
r ange .  Compar i son  of amorphous  PET with samples  l a  and l b  drawn uni- 
ax ia i iy  beiow t h e i r  '1' shows an  inc rease  in the intensity of the 6 peak with 
or ien ta t ion .  
0 
G '  
T h e s e  two s a m p l e s  were  not annealed and the i r  c rys ta l l in i ty  i s  
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due t o  drawing only. 
m a x i m u m  ( c )  at about 20 K ,  which i n c r e a s e s  with crystal l ini ty .  A s  expected,  
d rawn and hea t  s e t  s a m p l e s  show both the 6 and E re laxat ion peaks ,  the  6 
peak being m o s t  pronounced in the uniaxially drawn spec imen.  
at p r e s e n t  is that  the 
w h e r e a s  the 
Specific invest igat ions a imed at gaining s o m e  insight on the molecular  or igin of 
the cryogenic  re laxat ion peaks a r e  c u r r e n t l y  under  way. 
difficult ies in resolving t h e s e  peaks and m e a s u r i n g  t h e i r  activation e n e r g i e s  
a r e  caused  by t h e  proximity of the broad  and m u c h  m o r e  intense p peak,  which 
is p r e s u m a b l y  assoc ia ted  with motions of the carboxylene and methylene groups 
F o r  this r e a s o n  e x p e r i m e n t s  a t  higher  f requencies  a r e  not planned at p r e s e n t .  
We  a r e ,  however ,  in the  p r o c e s s  of examining the relaxat ion behavior  of re la ted  
p o l y m e r s  such as polycarbonate ,  poly(pheny1ene oxide) and poly(pheny1ene 
su l f ide) .  
chain phenyls on the cryogenic  re laxat ions.  
Nondrawn annealed s a m p l e s  2a and 2b show a relaxat ion 
0 
Our hypothesis  
(5 peak m a y  resu l t  f r o m  chain alignment due t o  drawing,  
E n e a k  r ---. lzlay be  a s s ~ c i a t e d  w i t h  i i i u t iu i i s  in the c r y s t a l l i n e  reglon.  
Considerable  
(4) 
, 
Compar ison  of these  polymers  m a y  shed s o m e  light on the ro le  of in -  
T h e  m o l e c u l a r  or ientat ion in d r a w n  s p e c i m e n s ,  which show the pronounced 
0 
re laxa t ion  m a x i m u m  at 48 K will  be m e a s u r e d  using wel l  developed X - r a y ,  
po lar ized  i n f r a r e d  and opt ical  birefr ingence techniques.  
Another  approach  involves use of low t e m p e r a t u r e  inf ra red  spec t roscopy 
in a n  e f f o r t  t o  c o r r e l a t e  sharpening o r  shift ing of the var ious absorpt ion bands 
wi th  m o l e c u l a r  r e l a ~ a t i o n s ' ~ ) .  
c o r r e l a t i n g  c rys ta l l in i ty  and or ientat ion on relaxat ion f r o m  a submolecular  
viewpoint since t h e r e  are  specif ic  in f ra red  bands in P E T  assigned t o  c rys ta l l ine  
and folded m o l e c u l a r  conformations . 
T h i s  method m a y  be of considerable  value in 
(6) 
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FIGURE CAPTIONS 
F i g u r e  1:  Shea r  modulus and logari thmic d e c r e m e n t  of a tac t ic  poly- 
s ty rene  as a function of t e m p e r a t u r e .  
F i g u r e  2: In t e rna l  f r i c t ion  m e a s u r e m e n t s  of NB-1.  3‘30 Mo using the 
c ryogenic  to r s iona l  pendulum. 
F i g u r e  3: Ar rhen ius  plot of l o s s  peaks  in N B - 1 .  0 %  Mo m e a s u r e d  at 
different  f requencies .  
F i g u r e  4: Shea r  modulus and logari thmic d e c r e m e n t  of noncrys ta l l ine  
P E T  as a function of t e m p e r a t u r e .  (0) amorphous  Mylar  
f i l m ;  ( A )  P E T  quenched f r o m  the  m e l t  in ice  w a t e r .  
F i g u r e  5: Shea r  modulus and logari thmic d e c r e m e n t  of nonoriented P E T  
at d i f fe ren t  c rys ta l l in i t ies  as a function of t e m p e r a t u r e  -, 
amorphous  Mylar  fi lm; - - - - - , 
at 1 10°C (38’30 c rys ta l l ine) ;  - -- - , 
melt by s low cooling (56’30 c rys t a l l i ne ) .  
annealed f r o m  the g l a s s  10 hours  
c rys ta l l ized  f r o m  the  
F i g u r e  6: Shea r  modulus and logar i thmic  d e c r e m e n t  of t h r e e  c rys t a l l i ne  
P E T  s a m p l e s  with different  or ientat ion - , mel t - c rys t a l l i zed  
nonoriented (5670 crys ta l l ine) ;  - - - - -  , uniaxially drawn 600v0; 
hea t - se t  30 m i n .  at 200 C (5170 c rys t a l l i ne ) ;  -- - - , Myla r  A 
sequent ia l ly  biaxially d rawn  and h e a t - s e t ,  5470 c rys t a l l i ne ) .  
0 
F i g u r e  7: Cryogenic  relaxation behavior  of s even  P E T  spec imens  with 
different  mo lecu la r  organizat ion.  
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